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Abstract 10 
 11 
Wind energy has developed rapidly over the last two decades to become one of the most 12 
promising economical and green sources of renewable energy, responding to concerns 13 
about use of fossil fuels and increasing demand for energy. However, attention is now 14 
turning to what happens to end-of-life wind turbine waste, and there is scrutiny of its 15 
environmental impact. In this study, we focus on one aspect of this, the blades. We analyse 16 
and compare end-of-life options for wind turbine blade materials (mainly glass fibre 17 
reinforced plastic and carbon fibre reinforced plastic) in terms of environmental impact 18 
(focusing on energy consumption), using our own data together with results gathered from 19 
the literature. The environmental impacts of each end-of-life option are discussed, looking 20 
at processing energy consumption, the recycling benefits and the effect of blade technology 21 
development trends. There is considerable variability in the results, and lack of consensus 22 
on predictions for the future. We therefore analyse the results using a range of different 23 
scenarios to show how the ‘optimal’ solutions are influenced by trends in blade composition 24 
and end-of-life process development. The most environmentally favourable process is 25 
dependent on whether the materials used for the blades are glass fibre composite or carbon 26 
fibre composite. The extent to which process improvement might affect the viability of 27 
different end-of-life processes has been assessed by looking at ‘crossover’ points for when 28 
the environmental impact becomes favourable. This analysis gives new insight into areas 29 
where research into process technologies could be targeted to enable significant end-of-life 30 
environmental benefits.  31 
 32 
Key Words: Wind energy; Environmental impact; Composites recycling; End-of-life wind 33 
turbine blades 34 
 35 
 36 
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1 Introduction 38 
Wind energy has developed rapidly over the last two decades to become one of the most 39 
promising economical and green sources of renewable energy, responding to concerns 40 
about use of fossil fuels and increasing demand for energy (Hannah and Max, 2017). The 41 
first generation of commercial turbines are reaching the end of their design life, and attention 42 
is just starting to turn to the problem of what will happen to the waste as the generators are 43 
decommissioned (Liu and Barlow, 2017). The environmental implications are significant, but 44 
at present there are limited estimates of the potential magnitude of the problem. We are 45 
addressing one aspect of this, focusing on the blades. A large part of these high-value 46 
components is fibre composite (glass fibre reinforced plastic (GFRP) and carbon fibre 47 
reinforced plastic (CFRP)), for which there is currently no satisfactory recycling route. The 48 
composites recycling industry is developing, and one of its requirements in the coming years 49 
will be estimates of the environmental benefits that composites recycling may bring (Meng et 50 
al., 2018). In this study, we analyse the end-of-life (EoL) options for wind turbine (WT) 51 
blades in terms of environmental impact and then compare them to determine an ‘optimal’ 52 
solution which minimises environmental impact.  53 
Several studies have reviewed the available EoL options for general composite waste 54 
(Jagadish et al., 2018; Li et al., 2016; Naqvi et al., 2018). In a comparatively early study, 55 
Halliwell (2006) raised awareness of the environmental problem arising from composite used 56 
in vehicles. She pointed out that volumes of composite in the automobile industry would 57 
rapidly increase as CFRP moved to large volume production cars from being used only in 58 
racing and high performance cars, and the concomitant waste problem would become 59 
increasingly serious. Halliwell reviewed the EoL options including landfill, incineration, 60 
mechanical recycling, fluidised-bed recycling and pyrolysis recycling processes and 61 
suggested that successful composite recycling requires incentives, infrastructure, recycling 62 
techniques and market commitment. The major barrier for composite recycling at that time 63 
was identified as the low market demand for recyclate. Pickering (2006) reviewed the EoL 64 
options from a technical perspective and stated that, due to the major barrier in composite 65 
recycling being the significant performance loss of recyclate, the low value of recyclate 66 
resulted in a weak economic incentive to recycle. He held that new legislation or supportive 67 
policies would be necessary to provide a driver for composite recycling. A more recent 68 
review by McConnell (2010) includes the progress in composite recycling technologies, 69 
specifically the new microwave assisted pyrolysis (MAP) and chemical recycling techniques. 70 
He stated that the new and updated technologies have enabled the launch of the carbon 71 
fibre (CF) recycling industry for aviation manufacturing waste. More up-to-date research has 72 
reported on the few commercial pyrolysis CF recycling plants and highlights the benefits of 73 
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recycling including the low energy consumption of recycling compared to the high cost of 74 
producing new CF (Job, 2014; Job et al., 2016). However, for the goal of the present 75 
research, these studies have two major limitations. Firstly, they cover only a few EoL options 76 
but do not provide comprehensive coverage of all options. Secondly, they mainly focus on 77 
the composite waste from the automobile and aviation industries; WT blade waste has not 78 
been well addressed. With the rapid development of wind energy (Liu and Barlow, 2017), 79 
composite usage in wind turbines now forms a major part of the composites market, ranking 80 
second by usage just after the aviation and defence sector (Holmes, 2014). The EoL waste 81 
from wind turbine blades is predicted to exceed 500 kilo tonnes annually by 2029 and to 82 
continue increasing rapidly thereafter (Liu and Barlow, 2017), providing strong motivation for 83 
a focus on this type of composite waste. 84 
WT blade waste has the following specific features: 85 
• It has a complex and mixed material composition including fibre, resin, core material 86 
and supportive material. 87 
• There is variation between WT blades in terms of their structural design, size and 88 
material composition. 89 
• The large size of the blade may cause difficulties in dismantling, transportation and 90 
size reduction. 91 
In addition: 92 
• Glass Fibre (GF) /GFRP (the major material) is of low value. 93 
• The thermoset resin is cross linked and cannot be remoulded. 94 
These features make WT blades more challenging to process than general composite 95 
waste. Investigations have attempted to address this problem, either from the start, looking 96 
at raw materials, or from the end, examining end-of-life processes. For the raw materials, 97 
natural fibres such as flax and bamboo have been proposed as substitutes for GF as they 98 
have lower environmental impact. However due to their limited strength and problems of 99 
uniformity, this concept is still under development (Brøndsted et al., 2005; Corona, 2015, 100 
2013; Halliwell, 2010; Liu, 2014). Another approach has investigated using thermoplastic 101 
resins for the composite matrix, enabling remanufacture (Marsh, 2010). However, due to 102 
their high viscosity and high costs thermoplastic matrices have not yet been used in 103 
commercial WT blade production. Turning to the end of the lifecycle, the possible end-of-life 104 
(EoL) processes for WT blade waste have been summarised and discussed in a few studies 105 
(Andersen et al., 2014; Beauson et al., 2013; Beauson and Brøndsted, 2016; Larsen, 2009); 106 
these, however, provide incomplete coverage of the advantages and disadvantages of EoL 107 
options, and mostly in a qualitative way. The research so far thus either covers one part of 108 
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the WT blade EoL issue, or qualitatively assesses the problem without enough supporting 109 
data, or in minimum detail. There is a clear knowledge gap here.  110 
The present study has found from visits to WT blade manufacturers and from information 111 
gathered from industry exhibitions that there is good general awareness in the sector that 112 
EoL is a problem, but there is little appreciation of the magnitude of its severity and lack of 113 
guidance on appropriate options. We are therefore using a quantitative approach to provide 114 
a thorough analysis of the EoL options in terms of environmental impact, aiming to formulate 115 
guidelines to aid industry and policy makers. 116 
In the first part of this paper, relevant literature is reviewed and the incentives for 117 
undertaking the analysis of EoL options are explained. The environmental impacts of each 118 
EoL option are then discussed, looking at EoL processing energy consumption, the recycling 119 
benefits and the effect of blade technology development trends. In the final section, we 120 
integrate our findings with data from the literature on environmental impact, proposing 121 
different scenarios of future predictions to provide recommendations for ‘optimal’ solutions. 122 
We have used a sensitivity analysis approach to enable us to work with uncertain data. The 123 
extent to which process improvement might affect the viability of different end-of-life 124 
processes has been assessed by looking at ‘crossover’ points for when the environmental 125 
impact becomes favourable. This analysis also enables new insight into where the greatest 126 
benefits would derive from developments in EoL processes. 127 
2 Methodology 128 
An eco-audit is a streamlined lifecycle assessment that enables comparison of 129 
environmental impact of different products, materials and processes, focusing only on 130 
energy consumption and CO2 emissions as the most significant indicator of impact (Ashby, 131 
2009). This metric is calculated for each phase of life of a product: material, manufacture, 132 
transport, use and disposal. The dominant phase is identified as that with the largest energy 133 
consumption and the greatest CO2 burden. The initial focus is then on the dominant phase 134 
since it has the biggest potential for reduction. An eco-audit provides a well-documented and 135 
established basis for making comparisons of environmental impact arising from different 136 
processes and lifecycle paths (Ashby, 2009). We have chosen to use energy consumption 137 
as the sole measure of environmental impact, in line with eco-audit methodology (Ashby et 138 
al., 2009). 139 
2.1 Calculation logic and hypothesis 140 
Here we provide definitions before outlining in the next section the steps taken and the 141 
underlying hypothesis. The lifetime impacts are the sum of the blade lifetime environmental 142 
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impacts from the manufacture, transportation and operation and maintenance (O&M) stages. 143 
The total lifetime impact also includes the EoL impact. The recycling benefit of an EoL option 144 
is defined as the equivalent environmental impact of manufacturing the recyclate or the 145 
energy recovered through EoL processes: a negative environmental impact is desirable as it 146 
means energy is regained by the process. The net impact is calculated by adding the 147 
recycling benefit of the EoL option to the lifetime impact. Details will be given in Sections 2.3 148 
and 2.4. 149 
Net	impact 
 	Lifetime	impact  EoL	impact  Recycling	benefit	 
In order to assess the effect of blade material composition we first select three similar-sized 150 
blade models, made with full GF, a hybrid of GF and CF, and full CF respectively. Blade 151 
lifetime environmental impact data have then been calculated. As there is no full CF blade 152 
data provided in previous studies, this is calculated as detailed in Section 2.2. EoL 153 
processing energies collected from the literature are then multiplied by the blade’s mass to 154 
give the energy demand for recycling a blade. Recyclate yield rates are included to derive 155 
the recycling benefits. The lifetime impact plus the recycling benefits constitutes the net 156 
impact of each EoL option. Finally, the net impact of each EoL option is compared using 157 
impact from landfill as the benchmark, and the ‘optimal’ EoL option in terms of environmental 158 
performance is then discussed. The logic flow is presented in Figure 1 as shown below. 159 
 160 
Figure 1: Schematic logic flow for net impact calculation. O&M= operation and maintenance; FRP= fibre reinforced plastics 161 
including glass fibre reinforced plastics and carbon fibre reinforced plastics; EoL= end of life. 162 
The major hypothesis in this model is that the recyclate benefit is assumed to be 163 
proportional to its tensile strength since tensile strength is one of the most important 164 
properties of blade materials. For example, if the tensile strength of the recycled fibre is 80% 165 
that of virgin fibre, the environmental impact benefits of recycled fibre are taken to be 80% of 166 
the environmental impact of virgin fibre. Energy consumption (MJ/kg) is the main metric 167 
used to assess environmental impact. 168 
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2.2 Blade models 169 
This research aims to use the most up-to-date blade models in its analysis. However, data 170 
for the recent 2 - 3 MW onshore turbines (EWEA, 2014; GWEC, 2016) are not available due 171 
to confidentiality. Instead, the analysis uses the second-most-recent 1.5 - 2 MW blade 172 
models, which are mainstream models installed between 2006 and 2013. Currently, most 173 
blades are made entirely of GF with a few being partially made of CF (hybrid). Limited by the 174 
high cost of CF, entire CF blades are quite rare. There was a few years ago a trend for more 175 
CF to be used in wind turbine blades, and while there has been much debate there is no 176 
indication that the use of CF in current WT blades has increased (Liu and Barlow, 2017; 177 
McKenna et al., 2016). In order to allow comprehensive coverage of EoL options, three 178 
similar-size blades of different types have been analysed as shown in Table 1. Commercial 179 
blades from the same manufacturer are used for GF and Hybrid, together with a hypothetical 180 
CF blade modelled on the hybrid blade. For the CF blade, the same material weight values 181 
of the hybrid blade are used for resin, supporting material and manufacturing consumables, 182 
and the density ratio used to estimate the weight, substituting CF for GF. 183 
Model GF blade (Manufacturer A) 
Hybrid blade 
(Manufacturer A) 
CF blade 
(Hypothetical) 
Material GF 
CF spar cap 
GF for the rest 
CF 
Length/m 45.2 45.3 45.3 
Rated Power/MW 1.5 2.0 2.0 
Weight/tonne 7.58 7.50 6.24 
Table 1: Blade model specification. GF blade is model 45.2A; Hybrid blade is DW93; both from Sinomatech. 184 
2.3 Lifetime environmental impact 185 
The blade lifetime environmental impact is calculated as outlined in Section 2.1. The 186 
manufacturing impact uses the weight of materials (kg) listed in the blade bill of materials 187 
(BoM) combined with the unit embodied energy of each type of material (kJ/kg). As shown in 188 
Table 2, the environment impact of GF, Hybrid and CF blades in the manufacture stage are 189 
834.7 GJ, 1051.1 GJ and 1614.9 GJ, respectively. Because the unit impact of CF is 286 190 
MJ/kg (Suzuki and Takahashi, 2005) which is much higher than the 52 MJ/kg of GF (Granta 191 
Design, 2016), the impact of the hybrid blade is 30% higher than that of the GF blade and 192 
the impact of the CF blade is double that of the GF blade. 193 
  194 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
 7
 195 
 GF blade Hybrid blade CF blade 
In MJ Energy % Energy % Energy % 
CF unidirectional - 
40.4% 
268840 
53.8% 
1063904 
71.9% GF unidirectional 125528 - - 
GF Bi/Triaxial fabric 160373 217069 - 
Resin 255090 
54.8% 363515 40.3% 363515 24.5% 
Curing Agent 76534 
Structural Adhesives 38914 
Structural Adhesives Curing 
Agent 
17490 
Steel 3350 0.5% 5523 0.6% 5523 0.4% 
Copper 1859 0.3% 10201 1.1% 10201 0.7% 
Aluminium 500 0.1% 680 0.1% 680 0.0% 
Balsa 2538 0.4% 633 0.1% 633 0.0% 
PVC 12606 1.8% 12969 1.4% 12969 0.9% 
Paint 7635 1.1% 5900 0.7% 5900 0.4% 
Putty 5507 0.8% 16324 1.8% 16324 1.1% 
Spray Adhesives 393 0.1% 1079 0.1% 1079 0.1% 
Total Material Energy 708316 100% 902733 100% 1480728 100% 
Total Consumable Energy 40308 - 68093  - 68093  - 
Total Processing Energy 86065 - 80257  - 66033  - 
Total Energy in MJ 834689  - 1051082  - 1614854  - 
Total Energy in GJ 834.7  - 1051.1  - 1614.9  - 
Total Energy Compared to GF 
blade 
 100% 
 
126%  193% 
Table 2: Manufacturing impact details of GF, Hybrid and CF blade models; GF blade is model 45.2A; Hybrid blade is DW93; 196 
CF blade is modelled based on DW93; all from Sinomatech. 197 
The environmental impacts from the transportation and O&M stages are then estimated. 198 
Previous studies (Liu and Barlow, 2016) showed that the impact from transportation is 199 
between 1 GJ and 40 GJ per blade, dependent upon the mode of transportation and the 200 
distance. Since this is quite small compared to other energy consumptions and is not the key 201 
variable here, an average value of 20 GJ is adopted. The O&M impact has been estimated 202 
using two factors: materials and transportation of repair workers. The materials requirement 203 
has been set at an average level in which the amount of repair material required is 3% of the 204 
finished blade mass. The materials used in repair work consist of 60% fibre and 40% resin 205 
by weight. The O&M material impact is calculated using the material consumption multiplied 206 
by its unit environmental impact. For transportation, typically, a four person group is the most 207 
common size for routine blade maintenance and repair and one mid-size pickup truck is 208 
used (Zhang, 2016). We assume there are five major repair interventions for each blade 209 
during its lifetime and that the workers travel a 100 km round trip each time. Based on these, 210 
the energy consumption of an O&M car is then calculated as 1.6 GJ per blade (from 325 211 
MJ/100 km for a typical diesel pickup truck, Nemry et al. 2008). Detailed lifetime impacts of 212 
the three blade models are listed in Table 3. 213 
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In GJ GF blade Hybrid blade CF blade 
Primary and Manufacture 834.7 1051.1 1614.9 
O&M 20.7 26.2 43.6 
Transportation 20.0 20.0 20.0 
Total 875.4 1097.3 1678.5 
Table 3: Detailed manufacture, Operation and maintenance and transportation environmental impacts for three blade 214 
models.  215 
2.4 EoL environmental impacts 216 
The EoL processes analysed here are landfill, incineration, mechanical recycling, fluidised-217 
bed recycling, pyrolysis recycling, microwave assisted pyrolysis (MAP) recycling, chemical 218 
recycling (hydrolysis and solvolysis), high voltage fragmentation (HVF) recycling and blade 219 
life extension (LE). Most of the environmental impact data for these are obtained from the 220 
literature. Life extension environmental impacts have been calculated in the present study 221 
and are based on the material consumption and transportation demand.  222 
Analyses in the literature of the processing energy required for the EoL options are very 223 
disparate, with a great variety of assumptions leading to a wide range of values. To enable 224 
comparisons we have used units of MJ/kg waste and defined a base case which adopts the 225 
most likely/most frequently appearing data. We then use a sensitivity analysis to evaluate 226 
the effect of variation of different parameters.  227 
In the following, we will discuss the processing energy of EoL options, beginning with 228 
conventional waste processes and following with the ready to go/nearly ready to go and the 229 
lab-scale recycling technologies. A complete EoL process comprises four main stages: 230 
waste preparation (dismantling + size-reduction), transportation, recycling, and post 231 
processing. Most of the literature analyses do not include transportation energy as part of 232 
the recycling energy, so for comparative purposes we have excluded transportation for all 233 
technologies, including only energies for size-reduction and process energies for recycling. 234 
The assumption is that transportation energies for the different technologies will be 235 
comparable.  236 
The conventional waste processes include landfill and incineration. Landfill CFRP waste 237 
requires 0.257 MJ/kg which can be broken down into 0.09 MJ/kg for shredding and 0.167 238 
MJ/kg for landfilling operations (Li et al., 2016). In addition, we note that 0.143 MJ/kg is 239 
required for transportation, so a significant part of the total energy is excluded from our 240 
analysis. We assume in this study that the energy consumption for landfill disposal is 0.257 241 
MJ/kg for both CFRP and GFRP. 242 
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Turning to incineration, we note that heat or power can be generated through burning solid 243 
waste in a combined heat and power station. The average yield is around 2 MWh/t or 7.2 244 
MJ/kg when the calorific value of waste is 9 MJ/kg (World Bank, 1999). Typically, the higher 245 
the waste heat value, the higher the output (World Bank, 1999). The heat value of composite 246 
material is around 30 MJ/kg, equivalent to three times that of ordinary municipal solid waste 247 
(Correia et al., 2011). Theoretically, composite waste should provide more heat and power in 248 
incineration, but it may not burn as easily as municipal solid waste. Halliwell states that 249 
output from incineration of sheet mould compound waste (typically glass fibre, resin and 250 
inert filler) is -0.4 MJ/kg (Halliwell, 2006). A WT blade contains up to 70 wt% glass fibre. 251 
Glass fibres are not combustible and will hinder incineration (Duflou et al., 2012). Glass fibre 252 
in the flue gas also disturbs the gas cleaning system, and the large amount of un-combusted 253 
fibre remaining at the end of the combustion process is also problematic (Schmidt, 2006). 254 
Currently there is no public incinerator which deals with composite waste in the UK (Liu, 255 
2016). However, composite waste can be burnt in a cement kiln as part of an integrated 256 
process. In an operational composite incineration business run by Zajons and Holcim in 257 
Germany, composite WT blade waste is incinerated in a cement kiln. Each tonne of blade 258 
waste can replace 600 kg of coal fuel, equivalent to 4.16 GJ energy (Orenda Energy 259 
Solutions 2014; U.S. Energy Information Administration (EIA) 2017)). This figure is used in 260 
the base case calculation for incineration.  261 
In choosing optimal technologies, we note that other factors may over-ride small differences 262 
in energy consumption. For example, incineration of municipal solid waste can reduce the 263 
final landfill volume by up to 95% (RenoSam&Ramboll, 2006), so enabling additional 264 
environmental benefit. 265 
Ready-to-go/near ready-to-go recycling technologies include mechanical recycling, fluidised-266 
bed recycling, pyrolysis recycling, and life extension. Mechanical recycling involves cutting 267 
the dismantled blade into pieces, then shredding and milling the waste into powder and fibre 268 
sections tens of millimetres in size. Howarth reports a mechanical recycling energy for 269 
composite waste of 0.27 MJ/kg when the feed rate is 150 kg/hr (Howarth et al., 2014). This 270 
finding has been supported by Pickering who reports a shredding energy consumption of 271 
0.04 MJ/kg, a hammer milling energy consumption of 0.22 MJ/kg and a total energy 272 
consumption for the size reduction process for composite waste of 0.26 MJ/kg (Pickering et 273 
al., 2015). However, when the feed rate falls to 10 kg/hr, the average energy consumption 274 
rises to 2.03 MJ/kg as the machine standby energy consumption is high (Howarth et al., 275 
2014). We adopt 0.27 MJ/kg in the model as a high feed rate is expected to be the norm 276 
when mechanical recycling is enlarged to industry scale. 277 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
 10
The energy demand of the fluidised-bed process under optimal conditions has been 278 
determined to be around 10 MJ/kg of recycled CF (Meng, 2017; Meng et al., 2017a), but we 279 
note that when the feed rate is low this may rise to 15-30 MJ/kg (Pickering et al., 2015). The 280 
optimal energy demand for CFRP waste is therefore 9 MJ/kg using a fibrous product yield 281 
rate of 90%. The optimal energy demand for GFRP waste is 22.2 MJ/kg, using a fibrous 282 
product yield rate of 44% (Pickering et al., 2000). 283 
The energy demand of pyrolysis is around 30 MJ/kg recyclate (Barnes, 2015; Witik et al., 284 
2013). The solid yield rate is reported as 70.7% (Cunliffe et al., 2003). Based on this, the 285 
energy demand of pyrolysis becomes 21.2 MJ/kg FRP waste. 286 
Life extension (LE) is the idea that blade lifespan is extended beyond that of the original 287 
design. This effectively reduces the number of blades that need to be manufactured, and 288 
reduces the total amount of end-of-life waste (Gamesa Corporación Tecnológica, 2015; 289 
Hazell, 2017; Wingerde and Nijssen, 2003). The feasibility of the concept has been 290 
demonstrated, and blade manufacturers and O&M service providers now provide this 291 
service (Beauson and Brøndsted, 2016; Natural Power, 2015; Sayer et al., 2009). However, 292 
when a product nears its designed end of life, the risk of developing widespread problems 293 
increases. Research from Gamesa supports this for WT blades, indicating that structural 294 
problems begin to arise, mainly in root connections and bonding, starting on blades of 295 
around 17-18 years old. Gamesa predicts these blades will have more problems as they 296 
approach and pass the designed service time (Gamesa Corporación Tecnológica, 2015). 297 
Based on this premise, we assume the O&M demand in the life extension period will be 298 
double that of the designed lifetime and that the environmental impact will also double. The 299 
life extension is set to 2 years, 5 years and 10 years for analysis. For example, the lifetime 300 
O&M energy consumption of the hybrid blade is 26.3 GJ (see Table 3). The annual O&M 301 
demand is assumed to double in the extension period, so the energy consumption is also 302 
doubled making it 26.3*2/20=2.63 GJ/year. The unit processing energy of a hybrid blade, for 303 
example, with a two-year life extension, is 2.63 GJ/year * 2 years * 1000 GJ to MJ / 7500 kg 304 
(average finished blade weight) = 0.7 MJ/kg. The LE process energies for the other two 305 
blade models and for 5 years and 10 years are calculated in the same way. 306 
Lab-scale recycling technologies include MAP, chemical recycling and HVF. The MAP 307 
process involves microwave heating the material from the inside, saving energy compared to 308 
conventional pyrolysis. Its energy consumption is reported as 10 MJ/kg (Suzuki and 309 
Takahashi, 2005).  310 
The two major chemical recycling technologies are hydrolysis and solvolysis, each of which 311 
has many mutations with different reaction temperatures, pressure, time and solvents 312 
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(Oliveux et al., 2015). The key process of chemical recycling is removing the polymer matrix 313 
of composites through chemical reaction. Several studies have looked at its energy 314 
consumption.  The energy consumption used to dissolve a CFRP tennis racket is reported 315 
as being between 63 MJ/kg and 91 MJ/kg, and the higher the processing volume, the lower 316 
the unit energy consumption (Shibata and Nakagawa, 2014). For solvolysis of CFRP waste 317 
a range of process energies is reported, from 19.2 MJ/kg  (Keith et al., 2016) to 101 MJ/kg 318 
(La Rosa et al., 2016). Keith’s figure has been adopted for the base case since it is from a 319 
well-characterised experiment and came from real measurements rather than an estimation 320 
from modelled data as used by Shibata and Nakagawa (2014) and La Rosa (2016). The 321 
high-energy consumption cases are discussed in the sensitivity analysis below (Section 3.5). 322 
In the absence of GFRP chemical recycling energy data in the literature, we assume the 323 
energy consumption of chemical recycling to be the same for CFRP and GFRP.  324 
The energy demand for optimally configured HVF to recycle composite waste is reported as 325 
16.2 MJ/kg (Weh, 2012a). This number may vary over a wide range for different processing 326 
configurations which include the machine capacity, the number of pulses, and the voltage of 327 
pulses. The highest experimentally derived energy demand is reported as 43.2 MJ/kg (Weh, 328 
2012a). Other research has found that when the composite waste is processed at 500 329 
pulses, the resin residue is 40% and the energy consumption is 17.1 MJ/kg. If the pulses 330 
increase to 2000 the resin residue will reduce, but not significantly, while the energy 331 
consumption rises to 60 MJ/kg (Shuaib et al., 2016). We adopt 16.2 MJ/kg for the base 332 
case.  333 
The unit processing energy of all EoL options are summarised in Table 4. 334 
MJ/kg waste Full GF Hybrid Full CF Source 
Landfill 0.26 0.26 0.26 (Li et al., 2016) 
Incineration -4.16 -4.16 -4.16 By author 
Mechanical 0.27 0.27 0.27 (Howarth et al., 2014) 
Fluidised-Bed Process 22.22 
22.22 for 
GFRP 
waste 
9.00 for 
CFRP 
waste 
9.00 
(Meng et al., 2017b; 
Pickering et al., 2015, 
2000) 
Pyrolysis 21.21 21.21 21.21 
(Barnes, 2015; Cunliffe et 
al., 2003; Witik et al., 
2013) 
Microwave Assisted Pyrolysis 10.00 10.00 10.00 (Suzuki and Takahashi, 2005) 
Chemical 19.20 19.20 19.20 (Keith et al., 2016) 
High Voltage Fragmentation 16.20 16.20 16.20 (Weh, 2012b) 
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Life extension 2 years 0.55 0.70 1.40 By author 
Life extension 5 years 1.37 1.75 3.49 By author 
Life extension 10 years 2.73 3.50 6.99 By author 
Table 4: Composite EoL option: base case energy requirement. 335 
2.5 Recycling benefits 336 
The outputs of composite recycling include energy, fibre, filler and resin. The actual 337 
recyclate product varies for each specific recycling process. Conventional landfill generates 338 
no recyclate. Incineration has the potential to recover heat energy while mechanical 339 
recycling, the fluidised-bed, pyrolysis, MAP and HVF recycling processes are able to reclaim 340 
fibre and filler. Chemical recycling can recover fibre and filler as well as resin. Life extension 341 
reduces new material usage which is equivalent to reclaiming energy. Recyclate products 342 
and energy are treated as the recycling benefits in this study. 343 
The recycling benefits of the recyclate have been defined in Section 2.1 as being 344 
proportional to the tensile strength of the recyclate compared to the strength of virgin 345 
material. The tensile strength of recycled fibres found in the literature is summarised in Table 346 
5. Where a technology has been reported by multiple sources, a median number has been 347 
taken. 348 
 349 
EoL options Retained tensile strength of recycled fibre compared to virgin fibre 
 GF CF 
Mechanical 78% (Palmer, 2009) 50%* (Ogi et al., 2007) 
Fluidised-bed 
process 50% 
(Pickering et al., 
2000) 75% 
(Lester et al., 2004; 
Yip et al., 2002) 
Pyrolysis 52% (Cunliffe et al., 2003) 78% 
(Onwudili et al., 
2013) 
Microwave 
Assisted 
Pyrolysis 
52%** n/a 80% (Lester et al., 2004) 
Chemical 58% 
(Kao et al., 2012; 
Oliveux et al., 2012; 
Shyng and Ghita, 
2013) 
95% 
(Jiang et al., 2009; 
Liu et al., 2009; 
Okajima et al., 2012) 
High Voltage 
Fragmentation 88% 
(Rouholamin et al., 
2014) 83%*** (Weh, 2012a) 
Table 5: Recycled fibre retained tensile strength compared to virgin fibre. *Significant fibre damage has been stated, but no 350 
data has been found. This data is estimated by the authors. **No reference found, estimated to be the same as 351 
conventional pyrolysis as the processing conditions are similar. *** No fibre strength has been found directly from the 352 
literature. Estimated to be the same ratio as the strength of a rotorcraft door hinge made with recycled CF compared to a 353 
virgin hinge.. 354 
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A further factor is that the lengths of the recycled fibres vary and the recycled fibres have 355 
different amounts of resin residue; consequently, the fibres are not as clean and 356 
homogeneous as virgin fibre and thus require post-processing (Meng, 2017). Very limited 357 
data is yet available to indicate how much work is needed. We have deducted 10% of the 358 
recyclate value from the final recycling benefits to take this into account. 359 
As well as the recyclate benefits of recycled fibre, the recyclate benefits of the resin and 360 
fillers need to be determined. Previous studies have identified that the resin in composite 361 
can be recycled through chemical processes and have proposed that this recycled resin can 362 
be reused, but none have indicated either the yield rate or the performance of recycled resin 363 
(Bai et al., 2010; Keith et al., 2016; Oliveux et al., 2015). Here we conservatively assume the 364 
recycled resin impact value is 50% of new resin. The fillers recovered can be used to 365 
substitute for CaCO3  (Pickering, 2006) but information is limited. Since the impact value of 366 
CaCO3 is low, less than 0.5 MJ/kg (De and White, 2001), fillers have been excluded from 367 
benefits calculations. For comparison purposes, all the recycled fibre, filler and resin have 368 
been converted to equivalent energy values in the recycling benefits estimation. 369 
The overall recyclate benefits are calculated by combining the unit recycling benefits with the 370 
recycling yield rate. Fibrous material yield rates by weight from the literature are included in 371 
Table 6. No data for MAP has been found. As the mechanism of the MAP process is close to 372 
that of conventional pyrolysis, we assume the yield rate of fibrous product from MAP is the 373 
same as for conventional pyrolysis, namely 70%. The yield rate of recycled resin is assumed 374 
to be 100% (Keith, 2017). 375 
All the blade waste recycling processes need at least one, but often multiple stages of size 376 
reduction beforehand.  Typically, some material is lost during these stages. No figures have 377 
been found in the literature. We conservatively assume that 5% of all materials (fibre and 378 
resin) is lost for all recycling processes and this is included to obtain final yield rates for each 379 
recycling process (Table 6). 380 
 381 
 
Lost during size 
reduction 
preparation 
Fibrous recyclate 
yield rate 
Final yield 
rate Source 
Mechanical 
5% 
58% 55% Palmer 2009 
Fluidised Bed GF 44% 42% Pickering 2000 
Fluidised Bed CF 90% 86% Meng 2017 
Pyrolysis and 
Microwave Assisted 
Pyrolysis 
70% 67% Cunliffe 2003 
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Chemical 100% 95% Keith 2016 
High Voltage 
Fragmentation 60% 57% Weh 2012 
Table 6: Fibrous product yield rates for different recycling processes. 382 
2.6 Environmental impact model development 383 
The environmental impact model is constructed and calculated as follows: 384 
• Net impact of a WT blade = Lifetime impact + EoL impact + Recycling benefits 385 
• Lifetime impact = manufacture impact (materials and processing from BoM) + 386 
transportation impact (wind farm to recycling facility) + O&M impact (material + 387 
workers’ transportation) 388 
• EoL impact = unit recycling processing energy (MJ/kg) * the amount of waste 389 
processed (kg)  390 
• Recyclate/recycling benefits = -((virgin fibre embodied energy * recycled fibre 391 
performance * fibre yield rate * (100% - post process energy) + (virgin resin 392 
embodied energy * recycled resin performance * resin yield rate))* (100% - overall 393 
processing lost) 394 
• The recycled fibre performance is defined as the ratio of the tensile strength of 395 
recycled fibre to that of the virgin fibre. 396 
• For example (chemical recycling for the GF blade): Virgin resin energy = 312.1 GJ; 397 
virgin fibre energy = 237.1 GJ. 398 
Recyclate benefits = -(237.1*58%*100%*(100%-10%)+(312.1*50%*100%)*(100%-399 
5%) = -265.8 GJ 400 
3 Results and discussion 401 
3.1 Full GF blade 402 
In Figure 2, the blue bars represent the lifetime environmental impact comprising the 403 
impacts of manufacture, O&M and transportation. The orange bars represent the impact of 404 
EoL processes. The grey bars present recyclate/recycling benefits. We use positive values 405 
to represent the energy consumption. Since the recycling benefit represents the equivalent 406 
energy reclaimed, it has a negative value. By adding the lifetime impact to the EoL process 407 
impact and recycling benefit, the net environmental impact is obtained. Then the net impacts 408 
of each EoL process are compared with the ‘no processing’ option, landfill, as a benchmark, 409 
shown by the blue line. 410 
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 411 
Figure 2: Full glass fibre blade net impacts of waste treatment options (incineration, mechanical, fluidised bed, pyrolysis, 412 
MAP, chemical, and HVF processes) and life extension for 2, 5 and 10 years compared to conventional landfill as the 413 
benchmark process. MAP=Microwave Assisted Pyrolysis, HVF=High Voltage Fragmentation, LE=life extension. 414 
The highest impacts are found for the fluidised-bed and pyrolysis processes because of their 415 
high recycling energy consumption and low recyclate value. The net impacts of mechanical 416 
recycling, incineration, chemical recycling, HVF and two-year life extension (LE) are 417 
between 86% and 95% of the net impact of landfill, so providing only marginal reduction in 418 
environmental impact. The conclusion from this analysis is therefore that there is little 419 
potential for significant environmental impact reduction from such EoL processes. 420 
Environmental impact reduction must be a weak driver for moving away from landfill: any 421 
impetus will depend more on the other aspects of the recycling operation such as 422 
environmental protection regulations and financial performance. However, non-recycling 423 
options are more promising: LE 5 years and LE 10 years perform better and can significantly 424 
reduce the net impacts to 76% and 52% of those of landfill, respectively. The risk of blade 425 
failure must increase the longer the blade is used after the designed lifetime, but LE is 426 
actively being assessed commercially. 427 
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3.2 Hybrid blade 428 
 429 
Figure 3: Hybrid blade net impacts of waste treatment options (incineration, mechanical, fluidised bed, pyrolysis, MAP, 430 
chemical, and HVF processes) and life extension for 2, 5 and 10 years compared to conventional landfill as the benchmark 431 
process. MAP=Microwave Assisted Pyrolysis, HVF=High Voltage Fragmentation, LE=life extension. 432 
Turning to the hybrid blade, the recyclate benefits for most EoL options are improved in 433 
comparison to the full GF blade, as part of the recyclate is the high-value, high-energy-434 
intensive CF. The net impacts of pyrolysis and fluidised-bed process are still the highest, at 435 
98% compared to landfill. The incineration impact, however, increases to 97%. Although the 436 
CF releases some incineration energy, its manufacture stage is very energy-intensive so the 437 
beneficial effect of energy recovered from the incineration process is small by comparison. 438 
The impact of mechanical recycling, MAP, HVF and LE 2 years are in the range of 84% to 439 
90% which are slightly reduced compared to the results for the GF blade. Chemical recycling 440 
shows the most promise here, and can reduce the net impact to 72% of landfill, less than 441 
that of LE 5 years but still exceeding that of LE 10 years.  442 
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3.3 Full CF blade 443 
 444 
Figure 4: Full carbon fibre blade net impacts of waste treatment options (incineration, mechanical, fluidised bed, pyrolysis, 445 
MAP, chemical, and HVF processes) and life extension for 2, 5 and 10 years compared to conventional landfill as the 446 
benchmark process. MAP=Microwave Assisted Pyrolysis, HVF=High Voltage Fragmentation, LE=life extension. 447 
The manufacturing energy consumption of virgin CF is 286 MJ/kg which is 4.5 times higher 448 
than for GF and 1.2 times higher than for epoxy resin. For the CF blades, the EoL options 449 
that can reclaim CF with less fibre performance damage are more favourable as higher 450 
recyclate values will be attained. The energy consumption of the EoL processes is a smaller 451 
part of the total impact and so has less effect. The least competitive process for CF blades is 452 
incineration, which has 98% of the impact of landfill. The ready-to-go technologies such as 453 
the fluidised-bed and pyrolysis processes can reduce the impact to around 80%. More 454 
advanced processes like HVF can significantly reduce the net impacts to 72%. Chemical 455 
recycling provides the best result among the recycling options with only 56% net impact 456 
compared to landfill. This is just 3% higher than the impact of LE 10 years.  457 
3.4 Sensitivity analysis 458 
In the following analysis, the effect of variations in EoL impact and recycling benefit on net 459 
lifetime impact are assessed. The EoL impact data is represented as range bars, using the 460 
full range of data from the literature (discussed in Section 2.4). Where the literature is limited 461 
or there is only a single data source (fluidised-bed, pyrolysis, microwave assisted pyrolysis 462 
(MAP) and lifetime extension) processing energies are varied by +/- 20% in order to test 463 
sensitivity. 464 
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The recyclate benefit, defined as a combination of yield rate and quality or value of the 465 
recyclate, is varied theoretically taking values between -100% (zero recyclate benefit) and 466 
+100% (double the base case benefit). The net environmental impact is then plotted against 467 
recyclate benefit variation. The environmental impact decreases as the recycling benefit 468 
increases, so processes may shift from being unfavourable (positive impact) to favourable 469 
(negative impact); the crossover points are indicated for such processes (see Figures 6, 8 470 
and 10). This analysis provides useful guidance on where it is worth devoting effort to EoL 471 
process improvement. The results are presented in Figures 5-10 for the three blade types. 472 
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 473 
 474 
Figure 5: Sensitivity analysis for energy consumption of the EoL options for glass fibre blade. MAP=Microwave Assisted 475 
Pyrolysis, HVF=High Voltage Fragmentation, LE=life extension. The most environmentally favourable processes have the 476 
most negative impact. 477 
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 479 
 480 
Figure 6: Sensitivity of net impact of GF blade as a function of the recyclate benefit. MAP=Microwave Assisted Pyrolysis, 481 
HVF=High Voltage Fragmentation, LE=life extension. 482 
 483 
 484 
 485 
Figure 7: Sensitivity analysis for energy consumption of the EoL options for hybrid blade. MAP=Microwave Assisted Pyrolysis, 486 
HVF=High Voltage Fragmentation, LE=life extension. 487 
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 488 
 489 
Figure 8: Sensitivity of net impact of hybrid blade as a function of the recyclate benefit. MAP=Microwave Assisted Pyrolysis, 490 
HVF=High Voltage Fragmentation, LE=life extension. 491 
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 493 
 494 
Figure 9: Sensitivity analysis for energy consumption of the EoL options for carbon fibre blade. MAP=Microwave Assisted 495 
Pyrolysis, HVF=High Voltage Fragmentation, LE=life extension. 496 
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 497 
 498 
 499 
Figure 10: Sensitivity of net impact of CF blade as a function of recyclate benefit. MAP=Microwave Assisted Pyrolysis, 500 
HVF=High Voltage Fragmentation, LE=life extension. 501 
The results reveal that variations in the EoL processing energy make more of a difference to 502 
the viability of recycling the GF blade (Figure 5) compared to other blade types (Figures 7 503 
and 9). The high energy processes (fluidised-bed and pyrolysis) are high environmental 504 
impact because they always require high energy input; low processing energy technologies 505 
(mechanical recycling and incineration) are always favourable. Only chemical recycling and 506 
HVF are affected significantly by variation in process energy to the extent that they can 507 
cross the breakeven point. This reveals that further investigation of data for processing 508 
energy and recyclate benefit for these two technologies would be worthwhile.  509 
For the CF blade, the variation of recyclate benefit has an insignificant effect on whether it is 510 
worth recycling or not, in terms of energy. This is because the recycling potential of the CF 511 
blade is high and the recycling processing energy consumption is minor in comparison, so 512 
even if the recyclate benefit is considerably reduced, the net impact is still lower than that of 513 
landfill. The hybrid blade unsurprisingly sits in the middle and the breakeven point is more 514 
sensitive than the other two blades to recyclate benefit variation. Reliable recyclate benefits 515 
are important for the hybrid blade to determine the ‘optimal’ EoL option. 516 
Chemical-0.86
Fluidised Bed-0.6
HVF-0.82
Pyrolysis-0.36
-120%
-100%
-80%
-60%
-40%
-20%
0%
20%
40%
-100% -80% -60% -40% -20% 0% 20% 40% 60% 80% 100%
En
v
iro
n
m
en
ta
l i
m
pa
ct
 
V
ar
ia
tio
n
Recyclate value Variation
Incineration CF Mechanical CF Pyrolysis/MAP CF
Fluidised bed CF Chemical CF HVF CF
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
 24
3.5 Discussion 517 
 518 
Figure 11: EoL options comparison of net impacts of three blade models (i.e., GF, hybrid and CF) to benchmark landfill. 519 
MAP=Microwave Assisted Pyrolysis, HVF=High Voltage Fragmentation, LE=life extension. 520 
Using energy consumption as the metric, the net lifecycle environmental impacts of the three 521 
blade models in the base case are summarised here for comparison. As shown in Figure 11, 522 
for the GF blade the results of ready-to-go (the fluidised-bed process, pyrolysis) and lab 523 
scale (MAP, chemical, HVF) recycling technologies are not encouraging. The combination of 524 
high processing energy and low recyclate value means most have higher net impacts than 525 
landfill, and the benefits are insignificant even for those with lower net impacts. Of all 526 
recycling options, chemical recycling (if available on a commercial scale) will be best placed 527 
to reduce environmental impact to 86% of the landfill impact. On the other hand, if we want 528 
to process the waste now rather than wait for technological development, mechanical 529 
recycling is the ‘optimal’ mature technology as it can reduce net impact to 90% of the landfill 530 
impact. Incineration is another possibility to be considered: although the net impact is 531 
reduced only to 96%, it has the added benefit of significantly reducing residual waste 532 
volumes.  533 
Considering all EoL options, life extension (LE) 10 years has the lowest net impact, the best 534 
overall result, reducing the net impact to 53%. Hence, at current technological levels, life 535 
extension is the ‘optimal’ EoL option for GF blades. These life-extended blades will 536 
ultimately still need to be processed, although this option gives more time for lab-scale 537 
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technologies to mature, with the possibility of lower processing energy and better recyclate 538 
performance in the future.  539 
In the future, when the lab-scale technologies are mature, chemical recycling would be the 540 
‘optimal’ choice since it has the best potential to reduce the maximum environmental impact. 541 
However, it should be noted that this option is strongly affected by the EoL processing 542 
energy and the recyclate value, both of which may change in the future. If the processing 543 
energy increases to over 35 MJ/kg or the recyclate value drops by 47% (Section 3.4, Figure 544 
6), it is no longer worth using chemical recycling to reduce environmental impact. 545 
For the hybrid blade, mechanical recycling and incineration are the only two methods which 546 
have a lower impact than landfill from among the conventional and ready-to-go EoL options.  547 
These methods can reduce the net impact to 88% and 97% respectively. The more 548 
advanced lab-scale MAP and HVF can reduce the impact to 90% and 84% respectively. 549 
Chemical recycling performs the best and can provide a significant decrease in the net 550 
impact to 72%. Sensitivity analysis shows that net impact is strongly dependent on the 551 
recyclate value and processing energy. Therefore, the choice of ‘optimal’ EoL option for 552 
hybrid blades is reliant on very accurate data, which will change as technologies develop 553 
and scale up.  554 
The high embodied energy of CF blades makes their recycling potential higher than the 555 
other two blades: the impact of every EoL option is lower than landfill in the base case and it 556 
is less sensitive to variation in processing energy and recyclate value. Conventional 557 
mechanical recycling can reduce the impact to 87%. The ready-to-go technologies can 558 
reduce the impact to 73%. The advanced lab-scale technologies all show promise for 559 
reducing impact, the best being chemical recycling with the potential to reduce the net 560 
environmental impact of the CF blade to 56% compared to landfill. However, it should be 561 
noted that there is considerable data scatter for these lab-scale technologies (Section 3.4), 562 
so there is some uncertainty around this figure. Since all EoL options are able to reduce the 563 
net impact, albeit by different magnitudes, the ‘optimal’ EoL option would be decided by 564 
other factors such as technology readiness or economic performance. 565 
4 Conclusions 566 
In this paper we have adopted an eco-audit approach, using energy as the measure of 567 
environmental impact to compare EoL options for WT blades. The most environmentally 568 
favourable process is dependent on the materials used for the blades (GF or CF). The 569 
extent to which process improvement might affect the viability of different EoL processes has 570 
been assessed by looking at ‘crossover’ points when the environmental impact becomes 571 
favourable. This analysis provides guidance on promising research areas, indicating where 572 
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significant EoL environmental benefits could derive from process improvements. 573 
Environmental impact is only one aspect of the WT blade end-of-life problem. In the actual 574 
implementation of waste processing, many additional issues need to be considered, such as 575 
the recycling cost, differences between regions, technology readiness levels, the state of the 576 
market, and policy. Nevertheless, increased global awareness of environmental matters 577 
means that this will increasingly feature in the choice of appropriate EoL options for the 578 
growing volume of post-service wind turbine blades. This study thus plays a crucial role in 579 
identifying suitable waste management strategies to address the emerging waste burden of 580 
end-of-life wind turbine blades in terms of minimising the environmental impact and 581 
ultimately to formulate guidelines on this problem to aid industry and policy makers. 582 
In summary, the optimal end-of-life treatments for the three types of WT blades based on the 583 
net environmental impact are as follows: 584 
• GF blade: mechanical for recycling at this moment, life extension for non-processing; 585 
chemical for recycling in the future. 586 
• Hybrid blade: mechanical for recycling at this moment, chemical for recycling in the 587 
future. 588 
• CF blade: fluidised bed for recycling at this moment, chemical for recycling in the 589 
future. 590 
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Nomenclature 598 
 599 
GF Glass fibre 
CF Carbon fibre 
GFRP Glass fibre reinforced plastic 
CFRP Carbon fibre reinforced plastic 
WT Wind turbine 
EoL End of life 
O&M Operation and maintenance 
MAP Microwave assisted pyrolysis 
HVF High voltage fragmentation 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
 27
LE Life extension 
LCA Life cycle assessment 
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Highlights 
 
 
• Lifetime environmental impact assessed for 3 types of composite wind turbine blades  
• Optimal end-of-life treatments identified for currently available technologies 
• Recommendations provided for future end-of-life process developments  
 
